Three-dimensional (3D) bi-continuous structures with controlled symmetry and periodicity have found use in many applications in photonic crystals, phononic crystals and micro-electromechanical systems[@b1][@b2]. In addition, the large surface area and the availability of 3-dimensional responses to external stimuli provide further potential for using 3D structures in diverse areas of energy-related materials and tissue engineering[@b3][@b4].

Graphene is a one-atom-thick planar sheet that is densely packed with sp^2^-bonded carbon atoms in a honeycomb crystal lattice with high optical transmittance, excellent electrical conductivity, high flexibility and mechanical stability, large theoretical specific surface area, and unique transport properties[@b5][@b6][@b7][@b8]. Graphene grown on metal film by chemical vapor deposition (CVD) via carbon dissolution and a segregation mechanism on a metal catalyst surface has superior conductivity because it has fewer defects and a relatively large domain size[@b9][@b10][@b11][@b12][@b13][@b14]. Potential problems in CVD growth on a metal film are that the formation of single-crystalline graphene is limited to the 2D plane and production is limited to small quantities. The availability of more sophisticated 3D graphene nanonetworks (3D-GNs) on a bulk scale would enable important advances in energy-related materials, heat sinks, and cell culture plates by taking advantage of large surface areas, outstanding high electrical/thermal conductivity, and three dimensional environments. For example, it has recently been reported that 3D graphene networks grown on a 3D nickel frame have excellent mechanical strength, supercapacitance, and thermal transport properties due to the nature of the 3D structures[@b6][@b15][@b16]. However, the dimensions of the structures fabricated by this approach are confined by the dimensions of the available nickel frame and are restricted to a scale of a few hundred micrometers, which might in turn hamper a variety of potential applications for the 3D graphene. Alternatively, a 3D graphene-frame on a micron scale has been fabricated by vacuum filtration of chemically modified graphene, although performance was rather low due to the use of reduced graphene oxide[@b17][@b18]. Exploring ways to synthesize graphene that allow for dimensional tunability down to the nanometer scale without loss of its original characteristics could play an important role in both fundamental study and the realization of future graphene applications. So far copper and nickel have been commonly used as metal catalysts for CVD growth of graphene with well established methods, and minor progress has been recently achieved in growing multilayer graphene film on iron-based catalysts, which have been widely used for growing carbon nanotubes[@b19][@b20][@b21]. Utilizing iron as a catalyst will also broaden the applicability of graphene and be an attractive avenue of research, since iron is the fourth most common element in the earth\'s crust and it is nontoxic, inexpensive, and easy to remove.

Supercapacitors are attractive as alternative energy storage devices to batteries and fuel cells due to their fast charging and discharging rates at high power densities, long life cycle, simple principle, and low maintenance cost[@b22][@b23][@b24][@b25]. Among two different classes of supercapacitors classified by their energy storage mechanism, electrochemical double-layer capacitors (EDLCs) and pseudocapacitors (PCs), EDLCs use the adsorption/desorption of ions forming an electrical double-layer at the interface between an electrode and an electrolyte for storing charge. It is critical to guarantee effective surface area and surface properties of the electrode. In addition to high specific surface area, several other parameters, such as good electric conductivity, appropriate pore size and distribution, and electrochemical, thermal, and mechanical stability, are equally important to supercapacitor performance. In light of these requirements, porous carbon materials have been suggested as promising materials for EDLCs[@b26][@b27]. However, most porous carbon-based materials with high specific surface area suffer from rather low conductivity, which restricts their application in high performance supercapacitors. On the other hand, graphene provides an ideal alternative to existing EDLC materials, since it has very high electrical conductivity and excellent chemical and mechanical stability and extremely large surface area. However, its theoretical value of parameters such as conductivity (10^6^ S/cm) and surface area (2,630 m^2^/g) still need to be realized, at least to some extent[@b28][@b29].

Here, for the first time, we report a bi-continuous 3D-GN grown via a precursor-assisted CVD technique using solution processed iron precursors, which potentially allow for any arbitrary shape of graphene with dimensional scalability and mass-production capability. Graphene is grown on a 3D assembly of colloidal silica (CS) infiltrated with a PVA/iron precursor solution. Annealing PVA/FeCl~3~ in a hydrogen environment reduces the iron, which can serve as a catalyst for the dissolution of carbon during the subsequent graphene growth process. A 3D-GN has a substantially improved geometrical surface area of 1,025 m^2^/g and a conductivity of 52 S/cm, which greatly exceeds the values of traditional 3D graphene structures, e.g., graphite with 0.6 m^2^/g and tens of kΩ/□, respectively[@b30][@b31][@b32][@b33]. Moreover, as a result of employing solution-prepared metal precursors, high-quality 3D graphene can be grown on any inert substrate, such as Al~2~O~3~, quartz or GaN, etc., enabling the production of ready-to-use graphene for use in the semiconductor industry. As a proof of concept, we have demonstrated that 3D-GN-based EDLC exhibits an excellent specific capacitance of 245 F/g and 96.5% retention after 6,000 cycles. The superior performance of a 3D-GN as an electrode for supercapacitors is attributed to the realization of the effective synergies of the great conductivity and large surface area of graphene in the form of a 3-dimensional network with proper pore sizes. Artificially created 3D-GNs with controlled shape and spacing offer excellent potential for application in areas where the advantages of both graphene and nanoscale 3D structures are needed, such as 3D electrodes, energy conversion/storage devices, and thermal management systems.

Results
=======

[Figure 1](#f1){ref-type="fig"} shows the four steps of the fabrication process for the 3D-GN. First, surface-activated colloidal silica (d = 30 nm, 150 nm, and 220 nm, as shown in [Figure S1](#s1){ref-type="supplementary-material"}) obtained by treatment with H~2~SO~4~were self-assembled using Colvin\'s method[@b34] into near single crystalline opals with a face-centered cubic (FCC) structure on a 300 nm thick SiO~2~/Si substrate with a thickness of 3 um. Then a solution of PVA-FeCl~3~ was infiltrated into the 3D-assembly of silica colloids. We chose iron chloride hexahydrate (FeCl~3~·6H~2~O) and water-soluble polyvinyl alcohol (PVA) as a precursor of the Fe catalyst and a solid carbon source for graphene growth, respectively. PVA was chosen because it can easily form a homogeneous dispersion with the iron precursor (FeCl~3~, in this case) due to the electrostatic interaction between the hydroxyl groups of PVA and iron ions in the FeCl~3~ solution[@b35][@b36]. In the third step, the composite film of 3D PVA-FeCl~3~/CS on the SiO~2~/Si substrate was heated to 1,000°C in a quartz tube. The detailed thermal treatment parameters and conditions are shown in [Figure S2](#s1){ref-type="supplementary-material"}. Annealing the 3D PVA-FeCl~3~/CS composite in a hydrogen environment at high temperature reduced the iron ions (III) into iron (0) and subsequent growth of graphene using PVA as a carbon source on the surface of the iron metal ([Figure S3](#s1){ref-type="supplementary-material"}). This process is supported by a recent report demonstrating CVD graphene growth on an iron film substrate[@b21]. By carefully controlling the ratio of FeCl~3~ to PVA, we determined the minimum amount of PVA that can be decomposed and diffused into reduced iron during high temperature annealing, and segregated on the surface of the iron to form graphene upon cooling. In the final step, iron was removed with the HF/HCl solution leaving few-layer 3D-GN structures on the SiO~2~/Si substrate.

[Figure 2](#f2){ref-type="fig"} shows the morphological characteristics of a representative 3D-GN obtained by CVD growth followed by removing the iron and the assembly of 220 nm silica particles. [Figure 2a](#f2){ref-type="fig"} is a scanning electron microscope (SEM) image of a 3D assembly of PVA-FeCl~3~/CS with a thickness of 3 um. [Figure 2b](#f2){ref-type="fig"} is a SEM image of a low-density 3D-GN created from graphene growth and subsequent removal of iron/CS. The optimum ratio of PVA to FeCl~3~ was determined by careful control of the pressure and flow rate of the gas during the CVD process. The thickness of the 3D-GN generated from the removal of the CS template was reduced to approximately 80% of the original thickness due to the loss of carbon materials and a slight collapse of the 3D-GN near the substrate caused by the surface tension of aqueous solvent during the drying process. However, once the nanopore structures formed, they were rigid and stable enough to be used for further applications as expected from the high modulus (1,100 GPa) of graphene reported elsewhere[@b6][@b28]. [Figures 2c and 2d](#f2){ref-type="fig"} are a TEM image of the 3D-GN near the edges clearly showing a nano-cavity of the 3D-GN and a close-up image of a single unit cell of the 3D-GN with a diameter of 220 nm, respectively. Additionally, we occasionally observed another set of nanopores with diameters of ∼40 nm on the surface of a single graphene ball. This is likely attributable to the removal of iron nanodomains formed due to the agglomeration of iron during the annealing process. More TEM images, confirming few-layer graphene are shown in [Figure S4](#s1){ref-type="supplementary-material"}. [Figure 2e](#f2){ref-type="fig"} is a selected area diffraction image of a single unit cell of graphene, revealing the single crystalline nature of graphene. Besides the formation of the network in the film, a bulk scale of the 3D-GN fabricated by the drop-casting of solution followed by CVD also yielded a comparable quality of graphene (Raman, conductivity, etc.). [Figure S5](#s1){ref-type="supplementary-material"} shows photographs of the 3D-GN in the form of a powder (a) and films (b,c) fabricated via drop-casting and spin-coating, respectively, indicating the large scale synthesis of 3D-GN (All the processes including silica templating for drop casting samples are the same as those for the film samples except the method of casting).

X-ray diffraction (XRD) measurements were made to confirm the reduction of Fe (III) to Fe (0). [Figure 3a](#f3){ref-type="fig"} shows the XRD data of the PVA-FeCl~3~/CS (220 nm) film at a FeCl~3~ concentration of 350 phr before and immediately after annealing in a H~2~ gas environment. Compared to the data taken from the pristine PVA-FeCl~3~film showing many broad and undefined peaks in red, two sharp peaks corresponding to the (200) and (110) planes of Fe (0) and another strong and sharp peak indexed to the (002) plane of graphene are evolved for the annealed sample in black (3D-GN containing iron)[@b37]. These peaks confirm that the iron ions are completely reduced to the nearly single crystalline iron metal with the preferred growth direction in the (110) plane, which shows the capability of successfully creating single crystalline graphene which appears at 2θ = 26°.

The transformation of FeCl~3~ to iron metal followed by CVD graphene growth can be further confirmed by analyzing the X-ray photoelectron spectroscopy (XPS) spectra of iron, chlorine, and carbon in the same samples as the ones for XRD. [Figures 3b--d](#f3){ref-type="fig"} show the XPS spectra of Fe2p, Cl2p, and C1s in pristine PVA/FeCl~3~ (all in red) and converted 3D-GN/Fe (all in black) after the CVD growth procedure. Major differences between the iron ion species and metallic iron can be seen in the Fe2p region at around 700--730 eV, as shown [Figure 3b](#f3){ref-type="fig"}. The Fe2p peak from the pristine PVA/FeCl~3~ sample is deconvoluted into two major peaks, at 711.5 eV and 724.54 eV, corresponding to the binding energy of Fe^3+^ in FeCl~3~ and Fe~2~O~3~, respectively, which suggests the coexistence of FeCl~3~ and oxidized Fe~2~O~3~[@b38][@b39]. On the other hand, a peak at around 704 eV, corresponding to the binding energy of metal ions, appears for the annealed samples, clearly indicating the reduction of iron ions. The peak between binding energies of 195 eV and 204 eV in the XPS spectra (in [Figure 3c](#f3){ref-type="fig"}) reveals the presence of chlorine in the samples. The two broad peaks in red at binding energies of 198.8 eV and 199.95 eV, corresponding to 2p3/2 and 2p1/2 electrons of chlorine ions (Cl^−^), respectively, in the pristine sample and the disappearance of the chlorine ion peak in the 3D-GN/Fe sample suggest that the chlorine is completely evaporated under the high temperature growth conditions of the 3D-GN. Finally, compared to the broad and significantly low C1s peak in the pristine samples in [Figure 3d](#f3){ref-type="fig"}, the intense, sharp peak in the 3D-GN/Fe, centered at 284.18 eV, which originated from the C-C or C = C bond, indicates the conversion of amorphous carbon into high quality graphene. A full width at half maximum (FWHM) of 0.82 was obtained for the 3D-GN; this is comparable to the FWHM of a high quality single layer graphene[@b40][@b41].

Discussion
==========

[Figure 4](#f4){ref-type="fig"} shows the Raman spectra of 3D-GNs synthesized by the diffusion and precipitation of carbon on the surface of 3D iron networks with various composition ratios of PVA to iron precursors. On the basis of previous reports that describe the growth of graphene on iron, one significant issue to be considered is that the relatively high solubility of carbon in iron could lead to the formation of multi-layer graphene with some defective areas[@b21]. We found that the initial amount of iron and carbon greatly affected the quality of graphene and the structural formation of the 3D-GN, since both elements are nearly used up during the growth process, as shown in the TGA data, [Figure S3](#s1){ref-type="supplementary-material"}. Optimum growth conditions of graphene on PVA-FeCl~3~/3D-CS were determined by careful control of the pressure and the flow rate of the gas at 1,000°C in all the experiments during CVD until we acquired the best Raman peak ([Figure S6](#s1){ref-type="supplementary-material"}). The typical Raman spectrum of the 3D-GN at various iron to PVA ratios characterized at more than 20 random locations are compared with that of pristine FeCl~3~/PVA with broad, strong D and G peaks as shown in the bottom of [Figure 4a](#f4){ref-type="fig"}. The creation of graphene in the 3D-GN can be verified by the decrease in the intensity of the D band and the evolution of sharp G and 2D bands at the higher frequency region. The intensity of the G band steadily increased as the amount of FeCl~3~ increased (from bottom to top) implying the formation of a planar configuration of sp^2^ bonds. The dramatic increase in intensity of the 2D band of the 3D-GN at 350 phr indicates high-quality of graphene. The negligible D peak around 1,350 cm^−1^ for the 350 phr sample suggests that the 3D-GN at 350 phr has few defects or symmetry-broken sites. The maximum ratio of I~2D~/I~G~and the minimum ratio of I~D~/I~G~ optimized at 350 phr are 1.74 and 0.15, respectively, as shown in [Figure S6](#s1){ref-type="supplementary-material"}. Therefore, the Raman spectra indicate that amorphous parts of carbonized-C are nearly used up and transformed into few-layer 3D graphene networks when the ratio of PVA to iron was set at around 1∶3.5. Surprisingly, the average conductivity of the 3D-GN obtained from ∼20 samples was 52 S/cm, which is much greater than the previously reported value[@b6]. Moreover, the average conductivity of the 3D-GN before the removal of iron was ∼200 S/cm, implying potential for the direct use of 3D-GN/iron as a porous 3D electrode. More importantly, one of the significant advantages of the proposed method is that it allows for mass-production. Since the iron precursor can be homogenously dispersed with the carbon source to form the graphene frame, there is essentially no limit to the scale of production for this type of precursor-assisted CVD. For example, we could obtain 2 g of 3D-GN per batch of CVD, which is comparable to 2050 m^2^ of planar 2D graphene based on the surface area of our 3D-GN. Due to such large scale production, BET measurement is readily available. The surface area of the 3D-GN obtained by templating 220 nm uniform silica particles (in [Figure 2](#f2){ref-type="fig"}) was measured to be 448 m^2^/g and the pore size of a 3D-GN range from approximately 210--230 nm in diameter, with some much smaller mesopores with a mean diameter of 14 nm, as shown in [Figure S7](#s1){ref-type="supplementary-material"}. The surface area of 448 m^2^/g is much greater than that of same size CS templates (13 m^2^/g), which can be attributed to the presence of cavities as well as a few layers in graphene. We believe further improvement of the physical characteristics of 3D-GNs will be possible, i.e., much smaller pores by using a smaller size uniform silica template and better conductivity with more systematic control of composition ratios as well as growth conditions. In fact, we were able to obtain a 3D-GN with a specific surface area of 1,025 m^2^/g and conductivity of 5.4 S/cm by templating silica particles with a dimension of 20--30 nm in diameter on a bulk scale ([Figures S7 and S8](#s1){ref-type="supplementary-material"}). Even though they had lower uniformity in particle size and shape and somewhat aggregated morphology compared to the larger size particles, comparable quality of Raman peaks and other characteristics to those of the uniform larger size and well assembled 3D-GNs were observed, as shown in the [Supporting Information](#s1){ref-type="supplementary-material"} ([Figure S5](#s1){ref-type="supplementary-material"}).

Another very useful benefit of this technique compared to previously reported methods is that the graphene growth does not restrict the choice of substrate due to the use of metal precursor solutions, which essentially permits the dimensional scalability. Furthermore, this circumvents the need for a transfer process which can lead to the introduction of additional defects. [Figures 4b](#f4){ref-type="fig"} shows the Raman spectra of a 3D-GN grown on any arbitrary substrate such as bare silicon, sapphire, GaN, or quartz. We used the same growth conditions here as employed for growth on a SiO~2~/Si substrate. The best Raman spectrum, with a more enhanced 2D band and a lower D band, was obtained from the 3D-GN grown on the sapphire substrate; this may be attributed to the close match of the sapphire (111) facet with the lattice of graphene, which provides an ideal surface for graphene epitaxy[@b40][@b42]. The direct growth of a 3D-GN on any electronic device-compatible substrate will open up the possibility of producing ready-to-use graphene with minimum defects in the semiconductor industry.

As a demonstration of the potential of 3D-GNs, the performance of the 3D-GN sample as an EDLC electrode was studied using cyclic voltammetry (CV) and galvanostatic charge/discharge measurements. Here we used a 3D-GN prepared with a specific surface area of 1,025 m^2^/g and conductivity of 5.4 S/cm fabricated on a bulk scale. The 3D-GN was p-doped by dipping it in a HNO~3~ solution to further enhance conductivity up to 6.9 S/cm. [Figure 5a](#f5){ref-type="fig"} shows the CV results of 3 cell electrodes assembled with the 3D-GN as the active material at various scan rates in a range of −0.2 V to 0.8 V vs Ag/AgCl. Generally, for a supercapactior that uses a carbon-based electrode, the CV curve shape and the specific capacitance can significantly degrade as the voltage scan rate increases, showing distortion of the rectangular shape. The CV curves of the 3D-GN supercapacitor at all scan rates except the one at the highest scan rate of 500 mV/s were nearly rectangular, indicating that the 3D-GN is an ideal carbon electrode material with excellent capacitance behavior and low contact resistance. A deviation from an ideal double-layer capacitor at a very high scan rate of 500 mV/s could be related to the increased resistance. An outstanding specific capacitance of 245 F/g in a H~2~SO~4~ solution (1 M) was obtained at a scan rate of 5 mV/s, calculated by [equation (1)](#m1){ref-type="disp-formula"} (This is very encouraging since the capacitance value could be further improved by optimizing several parameters for cell fabrication). The essentially greater specific capacitance of the 3D-GN relative to that of previously reported values for graphene electrode materials (101--205 F/g, as shown in [Figure 5f](#f5){ref-type="fig"}) is attributable to the large accessible surface area achieved by proper-sized mesopores and 3-dimensionally interconnected conducting pathways of graphene. More specifically, compared to several previously reported supercapacitors with high specific surface area greater than 2000 m^2^/g, which show relatively low capacitance values due to the presence of predominant micro-pores less than 2 nm in diameter, our 3D-GNs have a reasonably great specific surface area of pores with controlled sizes of about 10 nm in diameter which can be effectively and fully used for electrochemical reaction sites[@b43][@b44]. The specific capacitance per unit surface area was as high as 23.9 μF/cm^2^, an outstanding value for double-layer capacitors. The galvanostatic charge/discharge method was applied to evaluate the capacitance performance of the 3D-GN. A well symmetric charge/discharge characteristic with a triangular shape distinctive for an ideal capacitor was observed even at a high current load of 100 A/g ([Figure 5b](#f5){ref-type="fig"}). Importantly, the capacitance loss of graphene was less than 13%, with a current variation from 5 A/g to 100 A/g, as shown in [Figure 5c](#f5){ref-type="fig"}.

In order to obtain a comprehensive perspective on the capacitive response, an electrochemical impedance test was conducted. The Nyquist plot of the 3D-GN in [Figure 5d](#f5){ref-type="fig"} exhibits a small semicircle at the high frequency region and a straight line in the medium frequency region. The small diameter of the semicircle at the high frequency region represents the low charge transfer resistance at the interface between the electrode and electrolyte. The nearly vertical second partial semicircle at the medium frequency region indicates the low charge transfer resistance for the adsorption process, which is greatly affected by the surface morphology of the electrode. The low resistance at both the high and medium frequency regions can be due to improved conductivity in the 3-dimensionally interconnected graphene networks through the nano-channels with proper diameters. The 3D-GN based supercapacitor retains ∼96.5% of its performance even after 6000 cycles, suggesting great life-cycle stability of the 3D-GN based electrode materials for their practical use in electrochemical capacitors as shown in [Figure 5e](#f5){ref-type="fig"}.

In conclusion, we developed an easy and direct method for fabricating 3D networks of few-layer graphene via the CVD technique from a PVA/iron precursor on a bulk scale. Our substrate-free CVD method adds the dimensional tunability to high quality graphene, by enabling the creation of nanonetworks. A 3D-GN can be grown on any inert substrate such as Al~2~O~3~, quartz, or SiO~2~/Si wafer, etc. and can be further transferred onto any arbitrary substrate for flexible devices, cell culture plates, etc. The ratio of I~2D~/I~G~( = 1.74) for the representative 3D-GN confirms the formation of few-layer graphene. A conductivity of ∼52 S/cm, high surface areas of 1,025 m^2^/g, and a great porosity of around 3.4 cm^3^/g were recorded for the 3D-GN. Electrochemical measurements indeed proved that the high surface area 3D-GN based electrode, which provides easy contact and transportation of both charges and the electrolyte through the 3D conducting pathways, exhibited excellent specific supercapacitance. The outstanding performance of 3D-GNs fabricated with this easy and inexpensive method suggests a straightforward route to achieve nano-textured 3D graphene with strong potential for use in electronic devices and heat-dissipation systems, as well as for energy-related materials.

Methods
=======

Preparation of CS/PVA-FeCl~3~·6H~2~O composite thin film
--------------------------------------------------------

Poly vinyl alcohol (PVA, Mw = 31,000--50,000) and FeCl~3~·6H~2~O were obtained from Aldrich Chemical Company and used without any further purification. PVA (10 wt.%) was dissolved in DI-water at 90°C and then mixed with percents of 100, 200, 350, and 600 phr (phr: part per hundred parts of resin) by weight of FeCl~3~·6H~2~O. PVA/FeCl~3~ composite thin films were prepared by self-assembly of CS, as reported elsewhere. Any impurities in the solution were filtered through a 0.2 μm cellulose acetate syringe filter and the filtrated solution was spin-coated on a 300 nm SiO~2~/Si substrate. The prepared composite thin films were dried in a vacuum oven for one day. 3D-GNs was p-doped by dipping in 20 mol% of HNO~3~ solution for 30 min followed by washing in D.I. water in order to enhance the conductivity for supercapacitance measurements.

Fabrication of the 3D-GNs
-------------------------

The prepared composite films were placed in a quartz tube (Scientech Co.) with an outer diameter of 120 mm, heated to 1,000°C in a H~2~ (100 sccm)/Ar atmosphere at 4 torr with a heating rate of ∼20°C/min, and then placed in isothermal conditions for 30 min. After annealing, the samples were cooled to an ambient temperature. The 3D-GN/Fe sample on a 300 nm SiO~2~/Si substrate was then immersed on BOE consisting of HF (5%) and HCl (3%) for 48 hrs to remove the SiO~2~ substrate and iron simultaneously.

Characterization of 3D-GNs
--------------------------

The structures of the samples were characterized by SEM (Nova Nano-SEM 230, 10 kV), TEM (JEM-2100, 200 kV) and Raman spectroscopy (WITec, alpha300R, excited by a 532nm laser). X-ray diffraction measurements were carried out with a Rigaku Co. High Power X-Ray Diffractometer D/MAZX 2500V/PC from 20° to 80°. Surface area determination was performed by Brunauer-Emmett-Teller (BET) methods using a BELSORP-max (BEL JAPAN INC.). The sheet resitances of 3D-GNs (both film and powder type) were characterized by 4 point-probe (Dasol Eng, FPP-RS8, pin-spacing 1 mm, pin-radius 100 μm). The conductivities were obtained with the equation of σ = 1/(R × d), where d is the thickness of the sample and R is the sheet resistance of the sample. To measure conductivities of powder type 3D-GN, the pellet with a diameter of 13 mm and thickness of 7 μm was prepared by mechanical milling and subsequent pressurizing (1,000 kg/cm^2^) of the 3D-GN. An energy dispersive X-ray analyser (EDX) was used to provide elemental identification and quantitative compositional information of samples, as shown in [Figure S9](#s1){ref-type="supplementary-material"}.

Electrochemical measurement
---------------------------

The electrochemical properties of supercapacitor electrodes were measured in three-electrode systems by cyclic voltammetry using a computer controlled electrochemical interface (VMP3 biologic) from −0.2 to 0.8 V at room temperature. 3D-GNs, a graphite plate, Ag/AgCl, and 1 M H~2~SO~4~ were used as the working electrode, counter electrode, reference electrode, and electrolyte, respectively. To examine the electrochemical properties, the 0.5 mg of electro-active material (3D-GN) was mixed with acetylene black (10 wt.%), and polyvinylidenedifluoride (PVDF, 10 wt.%) as a binder, and then the mixture was pasted onto a FTO electrode (2.56 cm^2^) and dried at 150°C for 20 min in an air atmosphere. The cyclic voltammetry was carried out at different scan rates ranging from 5 mV/s to 500 mV/s. Electrochemical impedance spectroscopy (EIS) was carried out in 1M LiClO~4~/acetonitrile solutions at a frequency range from 100 kHz to 0.1 Hz using a potentiostat (Versa STAT 3, AMETEK). The control sample for EIS measurement was fabricated with 10 wt.% of acetylene black and 10 wt.% of PVDF.
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![Schematic illustration of the fabrication process for a 3D-GN.\
(I) Self-assembly of CS on SiO~2~/Si substrate. (II) Infiltration of PVA-FeCl~3~ into 3D assembly of CS. (III) Graphene growth by CVD on 3D PVA-FeCl~3~/CS assembly. (VI) Iron/CS etching, leaving the 3D-GN.](srep01788-f1){#f1}

![Morphological characterizations of 3D-GN.\
(a) SEM image of 3D PVA-FeCl~3~/CS. (b) SEM image of 3D-GN created from graphene growth followed by removal of iron. (c) TEM image of 3D-GN taken near the edges. (d) Close-up image of a single graphene ball. (e) The selected area electron diffraction (SAED) pattern showing the nearly single crystalline nature of the graphene ball in the image of (d).](srep01788-f2){#f2}

![X-ray diffraction (XRD) and X-ray photoelectron (XPS) spectra before (all in red) and after (all in black) annealing of PVA-FeCl~3~/CS (220 nm) film at a FeCl~3~ concentration of 350 phr.\
(a) The XRD of pristine iron chloride hexahydrate (FeCl~3~·6H~2~O) is shown in red and that of an annealed film of PVA-FeCl~3~/CS composite (3D-GN containing iron) is in black. (b--d) XPS spectra of Fe, Cl, and C in the film at a FeCl~3~ concentration of 350 phr.](srep01788-f3){#f3}

![Raman spectra of 3D-GNs grown by CVD.\
(a) Raman spectra with various composition ratios (phr: parts per hundred parts of resin) of PVA-FeCl~3~by templaing 220 nm of CS. The Raman spectrum of pristine PVA after annealing at 1,000°C in a H~2~ environment is presented in black. (b) Raman spectra of 3D-GNs grown on various substrates by templating 220 nm of CS with PVA-FeCl~3~ solutions at a FeCl~3~ concentration of 350 phr. There is basically no restriction on the choice of substrate as long as it is stable and inert at high temperature.](srep01788-f4){#f4}

![Electrochemical performance of 3D-GN-based supercapacitor.\
(a) Cyclic voltammogram curve at different scan rates. (b) Charging/discharging curve at different discharge current densities. (c) Capacitance change at various current densities. (d) Nyquist impedance plot. (e) Capacitance retention plot with cycle number. (f) Plot of recorded specific capacitances of EDLC electrodes acquired from various methods.](srep01788-f5){#f5}
